Objective-Obesity promotes macrophage infiltration into adipose tissue and is associated with increases in several cardiovascular diseases. Infusion of angiotensin II (AngII) to mice induces formation of abdominal aortic aneurysms (AAAs) with profound medial and adventitial macrophage infiltration. We sought to determine whether obesity promotes macrophage infiltration and proinflammatory cytokines in periaortic adipose tissue surrounding abdominal aortas and increases AngII-induced AAAs. Methods and Results-Hypertrophied white adipocytes surrounded abdominal aortas, whereas brown adipocytes surrounded thoracic aortas of obese mice. mRNA abundance of macrophage proinflammatory chemokines and their receptors were elevated with obesity to a greater extent in abdominal compared to thoracic periaortic adipose tissue. Periaortic adipose tissue explants surrounding abdominal aortas of obese mice released greater concentrations of MCP-1 and promoted more macrophage migration than explants from thoracic aortas. Male C57BL/6 mice were fed a high-fat (HF) diet for 1, 2, or 4 months and then infused with AngII (1000 ng/kg/min) for 28 days. AAA incidence increased progressively with the duration of HF feeding (18%, 36%,and 60%, respectively). Similarly, AngII-infused ob/ob mice exhibited increased AAAs compared to lean controls (76% compared to 32%, respectively, PϽ0.05). Infusion of AngII to obese mice promoted further macrophage infiltration into periaortic and visceral adipose tissue, and obese mice exhibiting AAAs had greater macrophage content in visceral adipose tissue than mice not developing AAAs. Conclusions-Increased macrophage accumulation in periaortic adipose tissue surrounding abdominal aortas of AngIIinfused obese mice is associated with enhanced AAA formation.
O besity, especially in the form of abdominal adipose deposition, increases the risk of cardiovascular-related mortality. 1, 2 Virtually all arteries, including the aorta, are surrounded by significant amounts of perivascular adipose tissue. Recent studies suggest that perivascular adipose tissue may be a source of inflammatory cytokines or adipokines, contributing to a strong association between obesity and vascular diseases. [3] [4] [5] Importantly, a role for macrophage infiltration into perivascular adipose tissue and increased elaboration of proinflammatory cytokines as an initiator of vascular disease has been suggested 3,5-7 but not extensively examined.
Abdominal aortic aneurysms (AAAs) are a common vascular disease that affects 4% to 9% of the adult male population and account for at least 15 000 deaths per year in the United States. 8 There are no proven pharmacological treatments for AAAs, and therapeutic choices are restricted to surgery. Clinical risk factors for AAA formation include tobacco use, male sex, age (Ͼ60 years), and family history. 9 -11 As far back as 1969, population-based studies examining the etiology of AAA formation demonstrated that the development of AAAs was associated with increased body weight. 12, 13 Recently, a population study of greater than 12 000 men confirmed an index of obesity (waist circumference and waist-to-hip ratio) independently associates with AAA formation. 14 Approximately two-thirds of the United States adult population is overweight or obese (as defined by BMI 25 to 29.9 or Ͼ30, respectively 15 ). With obesity at epidemic proportions and AAA incidence on the rise, it is important to understand mechanisms by which excess adiposity may predispose to AAA formation. Moreover, because obesity predisposes to several disorders of the metabolic syndrome, including insulin resistance, hypertension, and dyslipidemias, it is important to define whether these metabolic disturbances contribute to enhanced AAA risk in obese patients.
We have previously demonstrated that chronic infusion of AngII to hyperlipidemic mice results in aneurysm formation in suprarenal abdominal aortas of Ն80% of male mice. 16, 17 The earliest cellular change noted after initiation of AngII infusion to apolipoprotein E-deficient mice was medial accumulation of macrophages in AAA-prone areas. 18 Macrophage accumulation was also pronounced in the adventitia of suprarenal aortas after AngII-infusion, 13 consistent with periadventitial entry of leukocytes into the vascular wall. Currently, mechanisms for the regional localization of AAAs to the suprarenal region of abdominal aortas from AngII-infused mice are unknown.
Previous studies demonstrated that deficiency of CCR2 in bone marrow-derived stem cells reduced AngII-induced atherosclerosis and AAAs, demonstrating a critical role for macrophages in vascular pathologies elicited by infusion of AngII. 19 Thus, manipulations or conditions influencing macrophage recruitment to the vascular wall would be anticipated to have marked effects on AngII-induced AAA formation. In the current study, we hypothesized that obesity-induced increases in macrophage infiltration and proinflammatory cytokine expression in periaortic adipose tissue surrounding abdominal aortas enhances AngII-induced AAAs. In addition, we defined whether obese mice exhibiting AngIIinduced AAAs exhibit enhanced macrophage infiltration to adipose tissue. Finally, we used different models of obesity or hyperlipidemia to dissect out mechanisms contributing to enhanced AAA risk with obesity.
Methods

Animals and Diets
Male C57BL/6 mice (2 months of age; the Jackson Laboratory, Bar Harbor, Me) were fed either normal laboratory diet (5% kcal as fat for 4 months) or a high-fat diet (HF; D12492, 60% kcal from fat; Research Diets) for 1, 2, or 4 months before, and during, infusion of AngII. Mice were staggered into the experimental design for HF feeding such that all mice were 6 months of age at study end point. Mice in the normal diet group were age-matched to the longest duration of HF feeding (4 months) to control for effects of aging. A group of male LDLr Ϫ/Ϫ mice (2 months of age, from a breeding colony of mice originally obtained from the Jackson Laboratory) were fed the HF diet for 4 months before and during infusion of AngII. In separate studies, male leptin-deficient ob/ob mice and heterozygous ob/ϩ littermates (nϭ35 per strain; 2 months of age) were obtained from the Jackson Laboratory and were fed normal laboratory diet ad libitum before, and during, infusion of either saline or AngII. All procedures involving animals were approved by the Institutional Animal Care and Use Committee at the University of Kentucky.
AngII Infusion
AngII (1000 ng/kg/min) or saline was infused by subcutaneously implanted Alzet minipumps (Model 2004) for 28 days as described previously. 17, 20, 21 
Blood Pressure Measurements
Systolic blood pressure was measured on conscious restrained mice using tail cuff systems as described previously. 21
Other Methods
For measurements of serum and plasma components, glucose tolerance tests, quantification of AAAs, histological analysis of periaortic adipose tissue, quantification of mRNA abundance in periaortic adipose tissue, macrophage migration using transwell assays, flow cytometric analysis of macrophage infiltration into visceral adipose tissue, and immunostaining in aneurysm tissue sections please the Supplemental Methods (available online at http://atvb.ahajournals.org).
Statistical Analyses
Data are presented as the mean and SEM. For statistical analyses performed on individual data sets, please see the supplemental Methods.
Results
Obesity Promotes Macrophage Infiltration and Proinflammatory Cytokine Expression in Periaortic Adipose Tissue: Differences Between Abdominal Versus Thoracic Periaortic Adipose Tissue
Periaortic adipose tissue surrounding thoracic aortas differs in gross appearance from that surrounding abdominal aortas ( Figure 1 ). Thoracic aortas from lean ob/ϩ mice were surrounded by multilocular brown adipocytes in close proximity to aortic adventitia ( Figure 1 ). In contrast, abdominal aortas were surrounded by a mixture of cells, with a preponderance of unilocular white adipocytes ( Figure 1 ). In tissue sections from ob/ob mice, adipocytes surrounding thoracic and abdominal aortas were markedly hypertrophied but retained their adipocyte phenotype (Figure 1 ). Given morphological differences in adipocytes surrounding thoracic versus abdominal aortas, we examined effects of obesity (4 months of HF feeding) on markers of macrophage activation states, chemokine release, and macrophage migration in periaortic adipose tissue from these different aortic regions. We used mice with HF-fed obesity, rather than obesity from leptin deficiency, to contrast proteins expressed to a differing extent in brown (UCP-1) versus white (leptin) adipocytes. In LF-fed mice, mRNA abundance of leptin was similar in periaortic adipose tissue surrounding thoracic compared to abdominal aortas (⌬⌬Ct: thoracic, 0.42Ϯ0.16; abdominal 0.56Ϯ0.16). However, obesity resulted in a greater fold induction of leptin mRNA abundance in abdominal (47-fold; Figure 2 ) than thoracic periaortic adipose tissue (16-fold) . Similarly, UCP-1 mRNA abundance was similar in periaortic adipose tissue surrounding thoracic versus abdominal aortas of LF-fed mice (⌬⌬Ct: thoracic, 0.73Ϯ0.10; abdominal, 0.61Ϯ0.08). Interestingly, UCP-1 mRNA abun- dance increased in periaortic adipose tissue surrounding thoracic aortas of obese mice (3-fold), but was reduced by obesity in abdominal periaortic adipose tissue (2-fold).
Periaortic adipose tissue surrounding abdominal aortas of obese mice exhibited a greater fold increase in mRNA abundance of F4/80 compared to thoracic periaortic adipose tissue (9-versus 2-fold, respectively; Figure 2 ). Moreover, mRNA abundance of MCP1 and CCR2, cytokines or receptors characteristic of M1 classically activated macrophages, 22 were increased to a greater extent in abdominal versus thoracic periaortic adipose tissue from obese mice ( Figure 2 ). However, other proinflammatory factors, including NFB and IL6 receptor ␣, were not altered in adipose explants from either region with HF feeding.
To determine whether these differences in periaortic adipose tissue surrounding thoracic versus abdominal aortas influence chemokine expression and macrophage infiltration, periaortic adipose tissue from 4-month LF and HF-fed mice was separated into thoracic and abdominal, and adipose tissue explants from each of these regions cultured to obtain conditioned media. Periaortic adipose explants from abdominal aortas of HF-fed mice released greater concentrations of MCP-1 compared to explants from thoracic aortas of HF-fed mice ( Figure 3A ). In addition, periaortic adipose explants from abdominal aortas of HF-fed mice released greater MCP-1 concentrations compared to abdominal adipose explants from LF-fed mice. To define whether elevations in MCP-1 release from periaortic adipose explants of abdominal aortas influenced macrophage migration, conditioned media from explants was used as a stimulus for migration of mouse peritoneal macrophages (MPMs) in transwell assays. In LF-fed mice, media from adipose tissue explants surrounding thoracic and abdominal aortas increased MPM migration by the same percent ( Figure  3B ). With HF feeding, periaortic adipose explants surrounding abdominal aortas increased MPM migration more than abdominal adipose explants from LF-fed mice.
Diet-Induced and Genetic Obesity Promotes AngII-Induced AAA Formation
Because obesity increased chemokine release and macrophage infiltration in periaortic adipose tissue surrounding abdominal aortas, the aortic region where AAAs form when mice are infused with AngII, we examined effects of diet and genetic obesity on AngII-induced AAAs. Use of mice with diet-or genetic-obesity enabled definition of contributions of the HF diet to AAA risk. Also, in studies with diet-induced obesity we included LDLr Ϫ/Ϫ mice fed the HF diet for 4 months before infusion of AngII, because this hypercholesterolemic model has been demonstrated previously to exhibit AngII-induced AAAs, 17 and controlled for effects of hypercholesterolemia on AAA risk.
Male C57BL/6 mice were fed a LF (4 months) or HF diet for 1, 2, or 4 months to produce differing durations and magnitudes of obesity before the initiation of AngII infusion. Body weight gain increased with duration of HF-feeding in AngII-infused C57BL/6 mice and was significantly increased compared to control at 4 months (Table) . Increases in body weight in AngII-infused HF-fed C57BL/6 mice were paralleled by increases in retroperitoneal adipose tissue mass (Table) and elevations in plasma concentrations of leptin and resistin (supplemental Table I ). The duration of HF-feeding (1, 2, or 4 months) of AngII-infused C57BL/6 mice did not significantly alter serum cholesterol concentrations compared to control (Supplemental Figure IA) . However, AngII-infused LDLr Ϫ/Ϫ mice fed the HF diet exhibited marked elevations in serum cholesterol concentrations compared to control-and HF-fed C57BL/6 mice. In HF-fed C57BL/6 mice (4 month), plasma HDL-cholesterol concentrations were the predominant serum lipoprotein (Supplemental Figure IB) ; in contrast, HF-fed LDLr Ϫ/Ϫ mice had a predominance of VLDL-and LDL-cholesterol.
Fasting blood glucose concentrations were not influenced by HF feeding in AngII-infused C57BL/6 mice, but were increased in 4-month HF-fed LDLr Ϫ/Ϫ mice compared to control (Table) . Plasma renin concentrations were not significantly influenced by HF feeding in any group (Table) . Systolic blood pressures before AngII infusion were decreased in mice fed the HF-diet for 2 or 4 months compared to control (Table) . Infusion of AngII resulted in an increase in systolic blood pressure in control mice and C57BL/6 and LDLr Ϫ/Ϫ mice fed HF diets for 4 months compared to baseline (Table) . In contrast, AngII infusion did not significantly increase systolic blood pressures in 1-month HF-fed C57BL/6 mice.
AAA incidence increased progressively as a function of the duration of HF feeding in C57BL/6 mice (18, 36, and 60% incidence for 1, 2, and 4 months of HF-feeding, respectively; Figure 4A , supplemental Table II ). AAA incidence was significantly increased in 4-month HF-fed C57BL/6 mice (PϽ0.05) compared to control (22%) and 1-month HF-fed groups. Moreover, AAA incidence was similar in 4-month HF-fed C57BL/6 and LDLr Ϫ/Ϫ mice (60 and 57%, respectively).
To define effects of genetic obesity on AAAs, independent of HF-feeding, we infused either saline or AngII into ob/ϩ and leptin-deficient (ob/ob) mice fed normal diet. Systolic blood pressure increased equally in ob/ϩ and ob/ob mice infused with AngII compared to saline (20 and 19% increase, respectively; Supplemental Table III ). Leptin-deficient ob/ob mice exhibited characteristics of the metabolic syndrome, including increased body weight, visceral adiposity, and elevated systemic concentrations of glucose, cholesterol (supplemental Table III) , insulin and resistin, compared to lean ob/ϩ controls (supplemental Table I ). Plasma HDL-cholesterol concentrations predominated in sera from ob/ϩ mice (saline-and AngII-infused), whereas ob/ob mice had both HDL and LDL-cholesterol (supplemental Figure IC) . Plasma renin concentrations were increased with obesity, but were decreased by AngII infusion in both ob/ob and ob/ϩ mice (Supplemental Table III ). Infusion of AngII decreased body weight in ob/ob, but not in ob/ϩ mice. Interestingly, AngII infusion decreased fasting blood glucose concentrations in both strains ( Supplemental Table III ) and improved glucose tolerance in ob/ob mice, quantified by area under the curve (supplemental Figure II) . Similar to mice with diet-induced obesity, ob/ob mice exhibited a significant increase in AAA incidence compared to lean ob/ϩ controls (76% versus 32%, respectively, PϽ0.05; Figure 4B , supplemental Table II ). In addition, mice with genetic obesity had a greater incidence of aortic rupture (32% of obese ob/ob mice compared to 4% of lean ob/ϩ mice). To determine whether improved glucose tolerance or increased body weight predisposed to enhanced AAA formation in ob/ob mice, we calculated the HOMA-IR (an index of insulin resistance 23, 24 ) for ob/ϩ and ob/ob AngII-infused mice and fit a logistic regression model with AAA as the response variable and HOMA-IR values or body weight as explanatory variables. Mean HOMA-IR values for AngIIinfused ob/ob and ob/ϩ mice were 36Ϯ9 and 3Ϯ1, respectively (Pϭ0.003). Logistic regression analysis demonstrated that body weight (odds ratio [OR], 1.29; 95% confidence interval [CI], 1.07 to 1.57; Pϭ0.008), but not the HOMA-IR value (OR, 0.94; 95% CI, 0.86 to 1.02; Pϭ0.144), emerged as a significant predictor of AAA formation.
Infusion of AngII Promotes Inflammation in Aneurysmal and Adipose Tissue of Obese Mice
In AAA tissue sections from AngII-infused ob/ob mice, macrophage immunostaining was present in the adventitia and surrounding adipose tissue ( Figure 5C and 5D ). To determine whether infusion of AngII promoted further inflammation in adipose tissue, we isolated the stromal vascular fraction (SVF) from retroperitoneal visceral adipose tissue of saline and AngII-infused HF-fed (4 month) C57BL/6 mice, labeled macrophages using a CD11b antibody conjugated to Alexa488, and assessed fluorescence with flow cytometry. We used retroperitoneal adipose as a visceral depot in close proximity to abdominal aortas. Total macrophage content of the SVF (CD11bϩ cells) increased in AngII compared to saline-infused HF-fed mice (60Ϯ1 compared to 48Ϯ2% of cells, respectively; PϽ0.05; Figure 5E ). Moreover, mice exhibiting AAAs in response to AngII infusion (AAA) had a greater percentage of newly recruited macrophages (CD11bϩ/total macrophages) in SVF (no AAA; 90Ϯ1 compared to 49Ϯ12%, respectively; PϽ0.05; Figure 5F ).
Discussion
The major findings of the present study are that obesity increases macrophage infiltration and cytokine expression in periaortic adipose tissue surrounding abdominal aortas and markedly enhances AngII-induced AAA formation. Regional differences in adipocytes, with hypertrophied white adipocytes surrounding abdominal aortas of obese mice, were associated with increased abundance of macrophages, proinflammatory chemokines, and their receptors. Moreover, MCP-1 release and macrophage migration were increased in periaortic adipose explants from abdominal compared to thoracic aortas of obese mice. Mice with either diet-induced or genetic obesity exhibited markedly enhanced AAA formation, demonstrating that HF feeding is not required to increase AAA risk from obesity. AAA incidence was similar in HF-fed C57BL/6 and LDLr Ϫ/Ϫ mice, despite a 10-fold difference in serum cholesterol concentrations, demonstrating that hypercholesterolemia is not a major contributor to enhanced AAA risk from obesity. Moreover, AAA incidence correlated to body weight, but not to measures of insulin resistance, minimizing contributions of insulin sensitivity to enhanced AAA risk. AAA tissue sections from obese mice exhibited macrophage immunostaining in adventitial and periaortic adipose tissue. Finally, obese mice with AAAs had a greater percentage of newly recruited macrophages in visceral adipose tissue. These results demonstrate that obesity or AngII promote inflammation in periaortic adipose tissue surrounding abdominal aortas and increase susceptibility to AngII-induced AAAs.
Previous results demonstrated that AngII-induced AAA formation exhibits adventitial and medial macrophage infiltration early in aneurysm development. 18 Moreover, deficiency of CCR2 in bone marrow-derived stem cells reduced AngII-induced AAAs, 25, 26 demonstrating the pivotal role of leukocytes in this AngII-induced vascular pathology. However, it is unclear whether leukocytes enter the vascular wall from the intimal or periadventitial spaces on infusion of AngII. Obesity generates a state of low grade inflammation characterized by increases in plasma concentrations of inflammatory factors and infiltration of macrophages into white adipose tissue. [27] [28] [29] [30] Previous studies demonstrated an increase in macrophage infiltration into periaortic adipose tissue surrounding human coronary arteries from patients with atherosclerosis. 6 Moreover, HF-feeding in rats resulted in increased mass of white adipose tissue surrounding abdominal aortas. 7 Recent studies demonstrated that perivascular adipocytes surrounding human coronary arteries are an integral part of the blood vessel wall because adipocytes invaded the adven- titia. 3 In addition, perivascular adipocytes surrounding human coronary arteries had increased expression of inflammatory cytokines compared to other adipose depots. Our results extend these findings by demonstrating that diet-induced obesity in mice results in an increase in chemokine release, macrophage infiltration, and proinflammatory cytokine expression in periaortic adipose tissue. Moreover, effects of obesity on periaortic adipose tissue differed regionally, potentially related to the type of adipocytes surrounding different regions of the aorta. Collectively, these findings demonstrate that perivascular adipose tissue exhibits inflammation similar to other white adipose depots with obesity and support a role for this localized inflammation in enhanced AAA risk from obesity.
To our knowledge, this is the first study to demonstrate that obesity promotes mRNA abundance and release of chemokines and infiltration of macrophages more readily in adipose tissue surrounding abdominal compared to thoracic aortas. The type of adipocytes surrounding different aortic regions may mediate effects of obesity. Recent studies using transgenic aP2-Cre recombinase over expression of MCP-1 in mouse adipose tissue demonstrated that although both brown and white adipose tissue exhibited robust increases in MCP-1 expression, macrophage markers were increased to a greater extent in white than brown adipose tissue. 30 Collectively, these results suggest that the type of adipocytes surrounding aortic regions and the differential ability of brown versus white adipocytes to recruit macrophages may localize AAAs to abdominal aortas of AngII-infused mice.
We used a HF diet as one mode of inducing obesity and established that durations of HF feeding that increase adiposity are associated with enhanced susceptibility to AngIIinduced AAAs. The use of C57BL/6 mice, with a predominance of HDL-cholesterol, 31 demonstrates that changes in lipoprotein distributions with obesity do not mediate increased AAA risk. Moreover, because obese C57BL/6 mice exhibited an AAA incidence similar to LDLr Ϫ/Ϫ mice, despite Ϸ10-fold lower serum cholesterol concentrations, dyslipidemia was not a major contributor to enhanced AAA risk in obese mice.
Obesity develops in ob/ob mice from hyperphagia on normal mouse diet without enrichment with either dietary fat or cholesterol. Similar to previous reports in LDLr Ϫ/Ϫ (HFfed) or apolipoprotein E-deficient mice, 17,21 ob/ob mice exhibited a high incidence of AAA formation. These results demonstrate that elevated dietary fat is not a requirement for increasing AAA risk. Moreover, because hyperleptinemic HF-fed mice as well as leptin-deficient mice both exhibited enhanced AAA risk, then effects of obesity to promote AAA risk are independent of plasma leptin concentrations. Finally, because all mice infused with AngII exhibited similar increases in blood pressure, but disparate AAA incidences, then hypertension is not a mechanism for enhanced AAA risk from obesity.
An unexpected result of the present study was the effect of AngII infusion to decrease fasting blood glucose and improve glucose tolerance in ob/ob mice. The reduction in body weight in ob/ob mice infused with AngII may have contributed to improved insulin sensitivity. Diabetes has been reported as a negative risk factor for human AAA formation. 10, 32 However, most studies examining diabetes and AAA risk have focused on hyperglycemia and have not segregated out influences from type 1 versus type 2 diabetes. If diabetes is protective against AAA formation, then it is plausible that enhanced AAA formation in ob/ob mice in this study resulted from improved insulin sensitivity on infusion of AngII. However, a contribution of changes in insulin sensitivity to the observed increase in AAA formation in obese mice is unlikely, because body weight and not insulin sensitivity was a significant predictor of AAA formation. These results demonstrate that body weight, but not insulin sensitivity, is associated with enhanced AAA risk from obesity.
An important finding of this study was the localization of macrophages to periaortic adipose tissue surrounding aneurysmal tissue from AngII-infused obese mice. Moreover, although a proinflammatory effect of AngII to promote macrophage infiltration has been demonstrated to contribute to atherosclerosis and AAA formation, 18, 19 this is the first report demonstrating that infusion of AngII promotes macrophage infiltration into adipose tissue. Interestingly, abdominal adipose tissue macrophage content was increased in mice which developed AAAs, suggesting a pivotal role for adipose inflammation in aneurysm development.
In summary, results from this study demonstrate that obesity promotes AngII-induced AAAs. Enhanced AAA risk from obesity was not influenced by the mode of obesity induction, manipulation of serum cholesterol concentrations or lipoprotein distributions, changes in insulin sensitivity, blood pressure responses to AngII, or by leptin. In contrast, regional differences in periaortic adipocytes and their differential ability to promote chemokine release, macrophage infiltration, and proinflammatory cytokine expression related to enhanced AAA risk from obesity. These results suggest that localized inflammation in periaortic or visceral abdominal adipose tissue with obesity, or in response to infusion of AngII, may provide a macrophage rich milieu favoring entry into the aortic media to promote AAA formation. Future studies should explore weight loss by dietary manipulation as a nonpharmacologic lifestyle approach to blunt AAA progression. Moreover, because AngII infusion increased macrophage infiltration into adipose tissue, future studies should define whether these effects are attributed to effects of AngII at adipocyte angiotensin receptors.
